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ABSTRACT
The raining of sulphur by the Frasch Process requires 
from 4 to 50 tons of superheated water for each ton of sulphur 
mined. The water is heated by direct steam injection to 325°F 
and pumped down a well into an underground sulphur dome where 
its sensible heat is utilized in the melting of the sulphur. 
Compressed air enters the base of the well and aerates the 
sulphur causing it to flow to the earth's surface.
Before it can be used as boiler feed water for the pro­
duction of steam to heat the mine water, the water supply re­
quires chemical treatment to remove scale forming salts or to 
inhibit their scale-forming actionj otherwise a scale forms 
on boiler tubes and reduces the capacity of the boilers.
When the sulphur domes are offshore, the problem of providing 
boiler water is most serious due to the high (3.5%) solids 
content of sea water. Although the sodium chloride (con­
stituting 3.07c by weight of the sea water) does not form 
scale, the other salts are primarily scale-forming compounds 
which readily adhere to boiler tubes. Conventional chemical 
treatment of sea water is economically prohibitive because of 
the large quantities of solutes, absolute as well as compared 
to onshore water supplies, and the correspondingly high
vii
quantities of treating agents required. However, since the 
use of untreated sea water for the production of 80 psig steam, 
as required by the usual process, causes a rapid deposition of 
scale and subsequent shutdown for cleaning every few hours, a 
solution to this problem must be found; the only alternative 
used at present is to transport boiler water from onshore 
sources, a practice which is both uneconomical and trouble­
some due to the tremendous quantities involved.
This research investigated the feasibility of evaporat­
ing dilute salt solutions in hot fluidized salt beds, a 
proposal which if proven satisfactory would utilize sea water
as a source of boiler water and would circumvent the scale
problem.
Owing to the limited data available on the fluidization 
of salt, preliminary work was carried out to determine the 
fluidization quality of salt. Encouraging results were ob­
tained at this point and the evaporation process and variables 
affecting its operation were then examined.
It was found that-dilute salt solutions can be evapo­
rated in hot fluidized salt beds with evaporation rates as 
high as 140 pounds of solution per hour per square foot of 
tower cross section. Rates twice as high as this may be 
possible in well insulated commercial units operating at
viii
higher gas rates than those studied in the laboratory. The 
experimental rates correspond to operation with steady-state 
salt bed temperatures in the range of 270 to 660°F; however, 
no absolute minimum or maximum operable bed temperature was 
determined. Fluidizing gas velocities approximately twice 
the minimum fluidization velocity were required for proper 
circulation and mixing of the fluidized solid particles and 
to prevent stagnant areas in the bed during the evaporation 
process. Optimum average particle size for the fluidization 
of salt was determined to be in the range of 150 to 300 
microns. Particles below 150 microns caused severe balling 
and agglomeration and particles larger than 300 microns eave 
poor fluidization. Experimental results were interpreted to 





Due to the depletion of inland sulphur deposits, new 
sources of sulphur are being sought. One such source is 
the sulphur domes off the shores of Louisiana and Texas.
These deposits, some of which were discovered while drilling 
for oil, afford a new, undeveloped supply of sulphur. Many 
domes are located miles offshore in the Gulf of Mexico.
The mining of sulphur by the Frasch Process requires 
large volumes of superheated water. The average size sulphur 
plant uses millions of gallons of water daily. As shown in 
a typical plant flow diagram, Figure 1, this water undergoes 
chemical treatment before it is suitable for boiler use. 
Chemical treatment removes scale forming salts in the water 
or inhibits their scale forming action. Approximately one- 
fourth of the water, after special treatment, is evaporated 
to steam and directly injected into the other three-fourths 
producing 325°F water which is pumped into underground sul­
phur domes where the sensible heat of the water is utilized 
in the melting of the sulphur. Compressed air, forced into 
the base of the well, aerates the sulphur and causes it to 
flow to the earth’s surface. The liquid sulphur is either 
cooled and transported in its solid form or shipped liquid
1
2















Compr e s sorCfc^
SulphurPmpressed7Aii ^  Vrr
-SuTphtir ^jlpnu'













Heating of the 325°F mine water requires large quan­
tities of steam. From one to twelve tons of steam are 
required to produce one ton of sulphur mined by the Frasch 
Process, depending upon the deposit. An unlimited supply 
of sea water exists around offshore wells. This water, 
however, is not suitable as a source of boiler water for 
the production of steam and its heating for mining purposes 
is an obstacle to the working of these domes.
The use of sea water as boiler feed water causes 
serious scaling problems because it contains 3.5% dissolved 
salts. Approximately 0.57. of sea water is scale forming 
material such as magnesium and calcium sulphates and carbon­
ates. Scale is deposited on boiler tubes so rapidly when 
using sea water that shutdowns for cleaning are necessary 
every few hours. Such practice is neither practical nor 
economical. Removal of the scale-forming salts by chemical 
means is economically prohibitive * The sodium chloride pre­
sent in sea water does not form scale.
The more common methods being used for evaporating
sea water are vapor compression and conventional evaporation.
1
By operating at low temperatures and high blowdown rates, 
the scale formation problem is reduced. The low temperature
4
operation produces low pressure steam (less than one atmos­
phere) which must be condensed and re-evaporated to produce 
high pressure steam. The formation of scale, although di­
minished, is still a major drawback to vapor compression and 
conventional evaporation. The units must be shutdown peri­
odically and cleaned in order to maintain reasonable rates 
of throughput.
The removal of tk e major portion of the scale-forming 
salts in sea water can be accomplished by the use of semi- 
permeable membranes, A potential difference is applied 
across a series of cells separated by membranes which are 
alternately permeable to positive and negative ions. The 
potential difference causes the positive and negative ions 
to flow in opposite directions. Alternate cells thus be­
come depleted of their salt content and the others become 
concentrated. The cost of this process is prohibitive for 
producing desalted water suitable for boiler use from sea 
water at the present time.
An alternate method of removing the salt from sea 
water is by partially freezing a mass of sea water and fil­
tering out the ice crystals. The problem here is that salt 
crystals are trapped in the ice crystals. This method has 
not been sufficiently developed to be commercially feasible
5
at this time.
There is a need for a new process to produce either 
de-salted feed water for boilers or high pressure steam for 
direct injection. Such a process must be capable of utiliz­
ing the tremendous supply of available sea water. It should 
be practical for offshore construction and operation as well 
as flexible to meet varying capacity demands.
It is believed that these requirements can be met by 
utilising a fluidized salt bed as a direct heat transfer 
medium. In this method, shown in Figure 2, the fluidized 
salt particles are heated directly by flue gases. The sen­
sible heat thus imparted to the particles is transferred to 
the sea water and provides the heat necessary to vaporize 
the water. The dissolved particles in the sea water crys­
tallize, become dried* and form part of the bed.
Commercial application of this process is visualized 
as taking place in large vessels connected by standpipes and 
transfer lines, In the first vessel solid salt particj.es are
t
heated and fluidized by hot flue gases. The particles are 
then transferred to the second vessel. Here the sea water 
is sprayed into the hot fluid bed where it evaporates. The 
water vapor may be drawn off while the residual salt particles 
remain in the bed. The cooled particles are recycled to the
6



















first vessel for reheating. The operation is continuous.
If necessary, a side stream of salt can be taken off for 
particle size control and returned to the bed. Another 
stream is withdrawn to maintain constant inventory of 
salt particles.
The process offers several advantages. The main 
feature is the avoidance of the scaling problem. Heat is 
transferred to the brine from solid salt particles instead 
of from tube walls or other heat transfer surfaces as in 
conventional processes; thus surface deposits do not reduce 
the rate of heat transfer. Heat transfer rates in fluidized 
beds are known to be very high on a volumetric basis and 
should result in very compact equipment. The process uses 
sea water directly as feed water with a minimum of pretreat­
ment for the removal of sediment and slime. Removal of 
entrained solids by cyclones, precipitators, and bag filters 
should yield water vapor containing solids well below the 
1000 ppm tolerable in boiler feed water. Should operation 
of the process at a pressure of approximately 80 psig prove 
feasible, the steam produced could be directly injected into 
mine water and solids entrainment would not be important.
CHAPTER II
REVIEW OF THE LITERATURE
1, History of Fluidization
Fluidization dates back to 1878 when Luckenbach patent 
ed an apparatus for drying Indian corn and other cereals21. 
Luckenbach's device consisted of a cylindrical vessel with a 
steam jet ejector at the top to provide suction. Steam was 
drawn up through the bed to remove the mustiness from the 
cereal; hot air was used in the second step to dry the mois­
ture from the cereal. The bed was supported on a wire 
screen. The patent states that the particles are kept in a 
"highly agitated condition" to overcome the compactness of 
the mass. Although Luckenbach did not realize it, he had 
devised a method which was much later developed into the 
many fluidized bed processes of today.
It was, however, not until the advent of fluid cata­
lytic cracking around 1940 that fluidization received much 
attention. Due to the demand for gasoline and synthetic 
rubber during World War II, development of the fluidized 
bed process was accelerated in the extremely short period 
of three years from the scattered laboratory units tested 
at that time into a commercial operation. Since that time
8
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numerous applications of this effective method for contact­
ing gases and solids have spread throughout industry, 
particularly the chemical and petroleum industries.
2, Fundamentals of Fluidization
When a gas passes upward through a bed of finely 
divided solid particles, four general situations may exist 
depending upon the characteristics of the particles, the 
geometry of the bed, and the velocity of the gas. These 
situations are: (1) fixed bed; (2) dense phase fluidization;
(3) two phase fluidization; and (4) pneumatic transport.
In the fixed bed at low velocity the passage of gas 
up through the bed cabses a relatively low pressure drop.
The solid particles are essentially undisturbed and the gas 
merely percolates through the void space in the bed. The 
particles remain in place in the fixed bed as long as the 
pressure drop is less than the weight per unit area of the 
bed. Further increase of the gas rate causes the bed to 
expand slightly and the particles gain some freedom to move.
At a certain flow rate the pressure drop becomes equal 
to the weight per unit area of the bed and the particles are 
suspended in the gas. The bed constitutents are then free 
to move in random motion in all directions and the bed is in 
the fluidized state. This gas-solid system has liquid-like
10
characteristics. It has no definite shape but rather takes 
the shape of its container and has the ability to flow like 
a fluid. At specified conditions of particle characteristics* 
bed geometry* and gas velocity, the system has definite prop­
erties such as density, heat capacity, thermal conductivity, 
and viscosity. A column of fluidized particles exerts a 
definite hydrostatic pressure equal to the average density 
of the bed times the height of the bed. The fluidized state 
is a relatively stable condition and can be maintained with 
properly sized particles indefinitely with little loss of 
particles entrained in the effluent gas. The bed has a dis­
tinct surface which is similar to a boiling liquid in that 
small bubbles of fluidizing gas appear to burst at the surface, 
a condition sometimes referred to as a "boiling bed".
At higher velocities smaller particles are entrained 
with the gas and form a dilute phase above the bed. This is 
the two phase region. The larger particles form the dense 
lower phase, the smaller particles the dilute upper phase.
This is a relatively unstable condition and eventually most 
of the smaller particles will be lost from the system.
At still higher velocities the entire' bed is entrained 
with the gas. This forms a dilute phase of solid in gas 
suspension and is often referred to a pneumatic transport.
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In dense phase fluidization there are three types of 
flow: (1) cohesive; (2) aggregative; and (3) slug. The type
of flow is influenced by the geometry of the bed, the char­
acteristics of the solid particles and of the gas. There is 
no definite line of demarcation between the different types, 
and mixed characteristics will be observed in regions of 
transition.
Very small particles usually yield cohesive flow.
With cracking catalyst particles with an average particle 
diameter <10 microns, balling may occur which forms spheres 
of several millimeters in diameter22. This agglomeration 
disrupts flow and may cause formation of large lumps of 
particles. Velocities up to one foot per second are asso­
ciated with this type flow.
The best type of flow for most fluidized bed pro­
cesses is that of the aggregative type. In this type flow, 
the particles are fully suspended in the gas stream and move 
at random through the bed. There is no cohesion of particles 
or lump formation. The required average particle size for 
this flow is 40 microns for cracking catalyst22.
Slug flow is associated with large particles, beds 
with large height to diameter ratios, and/or high gas veloc­
ities. Particle size of over 100 microns for cracking
12
catalyst and velocities greater than one foot per second 
cause this type flow. Slug flow is usually present in beds 
with height to diameter ratios greater than ten.
Figure 3 illustrates the relationship between pres­
sure drop and velocity. In the region A-B the particles 
remain in the fixed bed state and the pressure drop is a 
direct function of the gas velocity (beds of very small 
particles, < 1 0  microns, do not follow this generalization). 
This relation has been described mathematically by the 
classical equation of D'Arcy for the flow through porous 
media6.
v = K(AP/L>* (1)
This function is very similar to Poiseuille's rela­
tion for laminar flow thi'ough capillaries2r:
Q = K*(AP/L) (2)
Many attempts to analyze flow through fixed beds on 
the basis of the above equations failed to produce general 
workable equations, Thus far it has not been possible to 
derive theoretical equations of practical value even though 
some semi-empirical equations have found restricted use.
Flow rates in the above equations are superficial 
rates based on the entire cross-sectional area of the bed.















Dupuit realized that the velocity through the interstices of 
the bed must be greater than the superficial velocity8 . He 
modified the D'Arcy equation to include bed voidage:
v = eK"(AP/L) (3)
A different model was chosen by Emersleben who postu­
lated that the particles formed rods in the direction parallel 
to flow10. His work, however, and the work of others who 
tried to use various relations between porosity and per­
meability failed to yield significant results.
One of the better equations for pressure drop through 
packed beds is the well-known Carman-Kozeny relation:
f „ Sc Dp APg3 = DP v Pf 2L pf vs (l-e)a |x
This equation combined the work of Kozeny17 and Blake2 and 
introduced the relationship of Carman4, S = 6(l-e)/Dp, For 
non-spherical particles, shape factors must be applied to 
modify the diameter term. A weak point in the above relation 
is that at unity voids, the voidage function, e3/(l-e)2 ap­
proaches infinity instead of one for agreement with Stokes 
law.
Due to the complexity of flow through packed beds of 
small particles no general workable equation has been devel­
oped. The particles in these packed beds often have widely
15
varying diameters and shapes. The flow area thus varies from 
point to point in the bed. In addition to this, there is 
cross flow as well as vertical flow and it is no longer per­
missible to neglect Inertia terms.
Referring again to Figure 3, when the gas velocity 
increases slightly above the value at point B, the particleB 
begin to move slightly to rearrange the system to provide 
the least resistance to flow. At point C the solids are 
suspended in the gas stream and are free to move in random 
motion. It is shown on the diagram that the pressure drop 
is nearly constant from this point on and independent of gas 
velocity.
Parent et al studied pressure drop in fluidized beds 
on 30 different materials26. It was found that the pressure 
drop was equal to the weight of the bed per unit area. This 
may be expressed mathematically by the equation:
AP = L(l-e)(pa-pf) (5)
This relationship holds well for moderate bed expansions up
& 2 6 3 4 1to 20% * . At higher velocities friction between the par­
ticles themselves and the particles and the walls becomes 
appreciable and pressure drop increases with increasing gas 
velocity. Experimental values which did not agree with the 
calculated pressure drop were found to represent conditions
16
when parts of the bed were stagnant. This condition usually 
prevails at velocities just above the minimum fluidization 
velocity in shallow beds. It was noted that the bed adjacent 
to the wall was not in motion even though movement occurred 
at the center of the bed.
Leva developed a relationship to predict minimum 
fluidization velocity by combining the Carman-Kozeny equa­
tion with Parent's relation for fluidized beds10. The 
resulting equation is:
G = °-005V  e3 <Pg-Pf>Pf 8 
^  (1-e)2 M.
Gasterstadt12 and Segler26 did work on determining 
pressure drop when fluidized solids are transported. Both, 
investigators correlated data with the dimensionless term a, 
the relative pressure drop defined as the ratio of the pres­
sure drop obtained with solids being transported to that 
occurring with the pure fluid. They showed a to be a linear 
function of the mass ratio of solids to fluids in flow# Y, 
for the conveying of wheat. No effect of pipe size or air 
velocity was determined, however.
The flow of wheat, clover seed, sand and leacj shot In 
air was studied. Data were correlated resulting in the fol­
lowing equation:
17
(a’1 ) - B ( ^ ) ' ( & (7)
where the constants B and n are functions of the group
/ l/3(ps°pf) p f gDp*
|ia
Heat transfer between fluid and fluidized solid 
particles has been studied in the steady state and unsteady 
state conditions9*16>32»33, The accurate determination of 
heat transfer coefficients is hampered by the difficulty in 
measuring true temperatures of the gas and solid. There is 
still disagreement as to what temperature, that of the gas 
or solid, is measured by a thermocouple inserted into a 
fluidized bed. The. determination of the surface area of 
the particles is another source of error.
Kettenring e£ al studied heat transfer in the desorp­
tion of water in fluidized beds of silica gel and alumina 
with air16. Several assumptions were made; (1) the solid 
bed temperature was uniform and equal to the exit gas tem­
perature, (2) the bare thermocouples in the bed read the 
gas temperature, and (3) the irregular particles were assumed* 
spherical in calculation of area. Correlation of data re­
sulted in the following equation which is generally similar 





This equation does not include the effect of particle 
density and void fraction and therefore cannot be considered 
a generalized correlation. Its use should be restricted to 
systems similar to the alumina or silica gel-air system.
Considerable work has been done in an attempt to 
correlate heat transfer data for heat exchange between 
fluidized beds and walls. Widely varying equations have 
resulted from experiments of various researchers1'18#23'31 
and the theoretical treatment of heat transfer through the 
boundary layer20. The equation of Leva is as follows:
Most data are limited to specific systems. The development 
of a generalized correlation has been hampered by missing 
data from some experiments and different geometrical arrange­
ments. Better understanding of fluidization fundamentals and
more systemized research is needed to produce the desired 
relationship.
Heat transfer within beds is extremely good. Nearly 
isothermal conditions have been observed in beds up to 30 
feet in diameter25. With a bed of about 60 microns average
(9)
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particle size and a bulk density of 40 pounds per cubic foot, 
the surface area is about 15,000 square feet per cubic foot 
of bed25. Even with low coefficients between gas and solid, 
the large surface area yields high rates of heat transfer,
3, Industrial Applications of the Fluid Bed Technique
Fluidization has received widespread usage in industry, 
particularly the chemical and petroleum refinery industries. 
These applications, in general, have been for the conversion 
of hydrocarbons or other substances by catalytic reaction 
using a fluidized solid as catalyst. Fluid catalytic crack­
ing has become one of the prime examples.
However, the use of fluid beds as a heat transfer 
medium is of interest to tb|is research, rather than the use 
of the bed as a catalyst,
Counselman investigated the process of drying sul­
phide ores in the fluidized state5. It was found that 
drying of fluidized beds of the ore provided more accurate 
temperature control than the use of rotary kilns for drying.
As a result, improved product and lower cost for drying sul­
phide ores was obtained.
Several patents for drying moist solids describe pro­
cesses wherein fluidized solids are heated in one vessel and
20
transferred to a second vessel where they are mixed with 
moist solids or solids with water of crystallization11*24*30* 
A rapid exchange of heat occurs. Fluidization is maintained 
by injection of fluidizing gas and the rnoist particles are 
thus dried in the fluidized state. These process and method 
patents also cover operations where the solid is fluidized, 
heated and dried in a single vessel. The patents claim that
i
the fluidized solid used as the heat transfer medium may be 
either the same as or different from the material being 
dried.
Jobes describes a fluidized salt dryer13. It is re­
ported to have lower fuel costs because it operates at lower
* * 
temperatures. This dryer reduces crystal degradation as
compared with kiln dryers. It also eliminates an aftercooler 
and occupies less flopr space than a kiln dryer'of the same 
capacity.
Fluidized beds are used for simultaneous reaction and 
drying29. The reaction involves iron sulphide, oxygen and 
nitrogen reacting to produce iron oxide, sulphur dioxide 
and nitrogen. A slurry is pumped into a reactor at apppoxi-? 
mately 1600°F where the bed is maintained in-a fluidized 
state by air. The reaction takes place and the water in the 
slurry evaporates.
21
The published work most pertinent to this project is 
the patent of Munday24. A patent is claimed for a fluidized 
bed evaporator and method for the evaporation of solutions 
or drying of solids containing moisture. The method and ap­
paratus are similar to that visualized as the commercial 
application of this project. Specifically, this patent 
claims: "Process for contacting fluidized solid particles
with gases and with combination of solids and liquids, com­
prising maintaining in each of two zones a bed of fluidized 
solid particles, introducing a solid-liquid combination 
substantially at the bottom of the second zone, withdrawing 
gas and residual liquid vapor from said second zone, with­
drawing fluidized solid particles from each of the said 
zones and mixing said withdrawn particles, returning a por­
tion of said mixed particles to each of said zones, maintain­
ing in each zone a temperature and ratio of fluidized 
particles to incoming material sufficiently high to form a 
dry fluidized mixture, and withdrawing a stream of dry fluid­
ized particles from the second zone".
Sodium chloride has been fluidized in other studies. 
Eenz fluidized sodium chloride of about 170 microns average 
particle size35. Work was done in a 1.75 inch diameter 
lucite tube with air as the fluidizing medium. From plots
of pressure drop versus superficial air velocity the rela­
tionship between particle-gas flow and fluidization was 
shown. Minimum fluidization velocity was found to be around
0.5 feet per second and a velocity of 5 feet per second 
caused entrainraent of appreciable quantities of solid par­
ticles. Detman stated that rock salt ground to pass through 
35 mesh fluidized well7 . The fluidized salt bed was used as 
a reactor for the conversion of sodium chloride to sodium 
sulphate,.
Although there have been patents on methods for dry­
ing solids or evaporating solutions in fluidized beds, no 
reports of commercial plants or even laboratory investiga­
tion of the idea of evaporating dilute solutions in fluidized 
beds were found in the literature. The actual investigation 
of the fundamentals of the idea and development of a workable 
process was therefore exploratory in nature and necessary to 
verify the feasibility of the process and to define the 
variables and problems incident to carrying it out.
CHAPTER III 
DESIGN OF THE APPARATUS
There are several desirable characteristics for any 
apparatus used for process development research. It should 
simulate the operating conditions expected in the commer­
cial unit. This is advantageous since operating data can be 
applied more soundly to the larger unit. It should be capable 
of yielding reproducible results. Provision should be made 
so that wide ranges of the operating variables may be inves­
tigated. All process variables should be measured as 
accurately as practical. The apparatus was designed to in­
corporate these desirable characteristics and the results of 
the literature survey.
It was decided to use semi-continuous operation carry­
ing out both the heating and fluidization of the salt and 
the evaporation of the brine simultaneously In the same 
vessel although it was recognized that this type operation 
did not copy exactly the anticipated large scale operation. 
However, it was considered that a fundamental study involving 
a system circulating the solid particles would involve very 
considerable operating difficulties and would Interfere with 
the data gathering process. Small scale equipment utilizing 
the circulation of fluidized solids encounters many problems.
23
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Large equipment: often has circulating problems even with the 
multitude of operational experiences available. To circum­
vent these difficulties, the single vessel reactor system 
was deemed best for laboratory study.
Calculations based on available data were made to 
size the unit and its functional components so that a wide 
range of operating variables could be investigated. A draw­
ing of the apparatus is shown in Figure 4 and a photograph 
in Figure 5.
It was decided to use a four inch pyrex pipe to con­
tain the fluidized bed as shown in Figures 6 and 7. In 
small pipes, those around one inch in diameter, wall effects 
hinder fluidization. Larger columns require great quantities 
of solids for the beds as well as great quantities of fluid- 
izing and heating gas; laboratory equipment is limited for 
this reason. Four inch pipe was considered a compromise be­
tween these requirements. Glass pipe was chosen so that 
visual observation of the process was possible; this permitted 
flow types and circulation patterns to be studied, Pyrex 
glass was selected to permit operation at elevated tempera­
tures. The use of pipe with flanged ends as opposed to plain 






























PHOTOGRAPH OF THE APPARATUS
View showing column, 
instrument boards, and 
butane tank.
Figure 5
PHOTOGRAPHS OF THE APPARATUS
View showing insulated column 
Figure 6
View showing uninsulated column
Figure 7
A system was provided to remove entrained solids from 
the exit gas. A five foot long glass pipe was utilized to 
provide space, and thus settling time, for entrained solids
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section where the cross-sectional area of flow was increased
to decrease gas velocity and cause additional solid particles 
to drop out. Its size was chosen arbitrarily. A cyclone was 
added to catch fines not removed in the disengaging section. 
The cyclone was sized so that at the expected average gas 
velocity, the velocity in the cyclone would be approximately
t
50 feet per second; this velocity allows efficient cyclone 
operation.
The proper type flow distributor and bed support for
1
small scale equipment is inadequately covered in the litera­
ture. It was decided to use screens for support and thus 
give a flat bottom to the bed. The flat bottom permitted 
accurate determination of the bed bottom and provided a uni­
form bed cross-sectional area. A heavy chroxnel wire screen 
was used for mechanical strength; a fine, 200 mesh, stainless 
steel screen was used to prevent filtering of the bed 
through the support. This type support provided an even gas 
flow distribution,
A method of heating and fluidizing the solid particles
29
was required. Because of ready availability, the choice of 
a natural gas burner was logical. Ignition and re-ignition 
in case of flame out was provided by using a sparkplug to 
ignite the combustion mixture. A transformer operating con­
tinuously energized the sparkplug.
Flow measurement was provided by orifice meters and a 
rotameter. Orifices were chosen for metering the gas streams 
because of availability; calibration provided the necessary 
accuracy. Both the combustion air and natural gas streams 
were metered with orifices as well as the dilution air for 
temperature and flow rate control. A calibrated rotameter 
was used for measuring the brine flow (cf. Figure 8).
Thermocouples were installed to permit measurement of
t
temperatures. The higher temperatures, above 600°F, were 
measured with chromel-alumel thermocouples, lower tempera­
tures by copper-constantan thermocouples. An ice bath was 
provided for the 32°F cold junction, Emf's were measured 
with a Leeds and Northrup type 8657-C potentiometer (cf. 
Figure 9).
PHOTOGRAPHS OF THE APPARATUS
...
View showing instrument board 
containing orifice meters 
and rotameter
Figure 8
View showing potentiometer 





1. Fluidization Properties of Salt
Due to the small number of fluidization research pro­
jects reported in the literature which were concerned with 
sodium chloride, preliminary work on its fluidizing charac­
teristics was undertaken first. This work also provided 
operational experience with fluidized beds. Many variables 
were more easily studied in the absence of the evaporation 
process.
Procedure
The operating procedure was' essentially the same for 
all preliminary tests. The tower was charged with a known 
weight of solids and tjie bed aerated and allowed to settle.
The air flow rate was jincreased in small increments and the 
bed behavior observed at each rate. After reaching a velocity 
which caused considerable entrainraent, the air rate was de­
creased slowly and fluidization quality noted. The intro­
duction of black catalyst particles into the white salt bed 
facilitated tracing the movement of particles within the bed.
Data on pressure drop through the bed were taken in a 
number of tests. In these, orifice manometer readings, pres­
sure data, air temperatures and bed heights were measured
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and recorded. At the higher air rates, manometer readings 
fluctuated 2-5% due to bumping and slugging in the bed and 
it was necessary to estimate average values.
At the end of each test, the salt was dumped from the 
tower and sampled; a new batch was placed in the unit and the 
procedure repeated. Charges of different particle size were 
prepared by grinding in a small ball mill and then screening 
to obtain the desired size fraction.
A screen analysis of each sample used was determined 
by using a set of U.S. standard screens. These three inch 
diameter screens were mounted, one above the other, on a 
vibrating sieve shaker. Samples of approximately 100 grams 
were used and the shaking time was ten hours. The screens 
were individually weighed on an analytical balance to within 
■£ 0,01 grams.
Batches of particles were compared by computing an 
average diameter. The average recommended and used for this 
work where surface area is of major importance is the recip­
rocal mean13*14:
where Dp is the average particle diameter, w the weight 
fraction of a given screen size and Df the diameter of a
given fraction. Values for "w" were obtained from the screen 
analysis. The "Df" term was used as the arithmetic average 
of the maximum and minimum diameters in each cut.
Fluidization Quality
Smooth flow and good mixing were arbitrarily estab­
lished as the criterion of good fluidization for this project. 
The quality, of fluidization was measured by visual observa­
tion. Stagnant areas, large air bubbles, and high proportions 
of entrained solids were considered poor fluidization 
characteristics. .
The idealized, smoothly boiling fluidized bed was not 
attained. Moderate bumping and slugging occurred throughout 
the range of variables studied. A re-check of the literature 
with special attention to the apparatuses used by other in­
vestigators gave no indication that the fault was due to 
apparatus design. Various combinations of variables, of 
distributor designs, and similar factors all behaved simi­
larly. Samples of alumina and fluid catalytic cracking 
catalyst behaved little better than the salt. Further per­
sonal communication with other investigators doing pilot 
plant work in fluidization revealed that fluidization quality 
obtained in this work was similar to that of other workers.
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Influence of Gas Velocity
At low air rates the gas passed up through the bed 
without causing any movement of the particles. At a velocity 
of approximately 0.5 feet per second the upper portion of 
the bed began to bubble and bump in a mildly turbulent manner. 
The bottom half of the bed bubbled and shifted en masse 
rather than as individual particles. Mixing of particles 
was much greater in the top of the bed than in the bottom.
At velocities around one foot per second the upper part of 
the bed became quite turbulent. Large bubbles burst at the 
surface of the bed and sprayed particles into the space 
above the bed. Slugging was more pronounced at this point. 
Better mixing occurred in the lower portion of the bed but, 
occasional stagnant areas were still noted. At higher 
velocities bumping and slugging increased and considerable 
entrainment of particles in the exit gas was observed. The 
bed was very turbulent and good mixing of particles occurred.
Method of Air Entry
Fluidizing air was fed in through either the burner or 
the dilution air line. No difference in fluidization quality 
was observed between the two methods. Pressure drop through 
the bed was independent of method of air entry.
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Air Distribution
When fluidization was not of the quality expected, 
several alternate types of distributor plates were constructed 
sus tsotsd Xu sppsrawiSot m s  cbu wss vrLgxnsiiy suppcrc0
ed on a 200 mesh screen. A drilled hole distributor, with 
approximately 10% free area, Figure 10, a center hole distrib­
utor, Figure 11, and a center hole distributor with auxiliary 
holes, Figure 12, had no significant effect on fluidization 
quality. A funnel shape distributor, Figure 13, had a 
slightly adverse effect on quality and a center pipe dis­
tributor, Figure 14, gave poor fluidization.
Gas Composition
Both air at ambient temperatures and hot flue gases 
were used as fluidizing mediums. No difference in fluidiza­
tion quality was noted between the two gases.
Vessel Diameter
It was found that fluidization quality improved slight­
ly with increasing vessel diameter. Fluidization was observed 
in two and six inch glass tubes as well as the four inch pipe. 
More uniform mixing was observed in the four-and six inch
I
columns. The variation was small and did not appear to be a 
major factor in determining fluidization quality within the
36
























































range studied. This is consistent with other investigators 
who reported no influence of vessel diameter on quality of 
fluidization for vessels 1.5 to 10 inches in diameter13.
Bed Height
Bed heights over the range of one to four times the 
bed diameter were studied. Bed heights reported are those 
of the fixed bed. In the range of two to four diameters 
little effect on quality was noted. It has been reported 
by other workers that bed heights in the range of three to 
eight diameters had no influence on quality13. It was ob­
served that bed heights of about one diameter had less 
slugging and bumping than deeper beds; the air bubbles did 
not have time to grow very large In their travel through the 
bed. However, it was found that in shallow beds channeling 
often occurred and parts of the bed were stationary, par­
ticularly in the vicinity of the wall.
Particle Size
The average particle size was varied from 10 to 510 
microns. Typical particle size analyses are listed in 
Table I.
A fine powder of calcium carbonate with an average 
particle size of 10 microns was tested. Severe balling and
TABLE I
SCREEN ANALYSES OF SALT, CATALYST AND ALUMINA
On U. S . WEIGHT, %
Standard Salt Samples Fluid AluminaMesh No. 1 No. 2 No. 3 No. 4 No. 5 Catalyst
20 0.2 0.0 0.0 2.3 0.0
30 56.8
40 29.1 12.4 0.0 0.0 15.3 0.0
50 25.9 16.6 -
60 * 54.6 62.2 28.7 25.9 3.3 0.4
70 14.1 1.9 0.0
80 11.6 13.3 38.2 10.7 1.5 4.4 0.5
100 3.8 4.5 14.6 8.7 1.1 64.1 17.1
120 1.8 0.3 0.3 0.6 26.3
140 8.2 0.5 21.6
170 0.6 4.7 12.9 2.5 0.2 22.9 19.2
200 0.1 0.0 1.0 0.4 0.2 0.0 0.3
230 0.0 2.9 2.8 2.0 1.3 6.2
270 0.3 5.1 3.9
325 0.5 0.8 0.8 2.4
through 325 0.9 0.4 2.5
Dp, average 
microns 340 262 183 204 513 132 105
Particle .
Density 2.16 2.16 2.16 2.16 2.16 1.88 3.99gm/cc
NOTE: Where blanks occur in the above table, screens of that particular mesh were not
available at the time of analysis.
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agglomeration occurred and there was no semblance of a 
fluidized bed. Balling was so excessive that it was not 
possible to obtain a particle size analysis by screening. 
Average particle diameter was estimated in this case by
viewing the sample under a microscope equipped with a cali­
brated slide.
One salt sample containing a large quantity of fine 
particles Agglomerated and would not fluidize. Examination 
under a microscope gave an estimated average particle size 
of 100 microns. The alumina particles of 105 microns and 
the catalyst particles of 132 microns fluidized smoothly, 
however. The difference was attributed to greater inter- 
particle electrostatic attraction with sodium chloride.
The salt particles over 300 microns in average par­
ticle size gave poor fluidization quality. Higher velocities 
were required for fluidization and slugging was more pro~ 
nounced.. The optimum particle size for irregularly shaped 
sodium chloride particles appears to be in the range of 150 
to 300 microns.
Particle Size Distribution
The literature reports that a wide particle size range 
gives better fluidization than narrow sized fractions13. All
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beds used in this work had wide particle size distributions 
and thus no conclusions could be drawn.
Particle Density
The particle density ranged from 1.9 grams per cubic
centimeter for fluid catalytic cracking catalyst to 4.0 grams 
per cubic centimeter for alumina. No influence on fluidiza­
tion quality was noted which might be attributed to particle 
density.
Particle Shape
The salt used in these experiments was ground in a 
small ball mill and screened to obtain the desired particle 
size. Thus particle shape as observed under a microscope was 
irregular and varied from particle to particle. Other in­
vestigators report that irregular particles fluidize better 
than closely sized regular particles33.
Pressure Drop
Pressure drop through the bed at various velocities 
was found to be typical of that in numerous literature 
articles3*7 '13’35'35, A plot of pressure drop per unit 
height of fixed bed versus the Reynolds number yielded on 
logarithmic paper two straight lines as shown in Figure 15.
Figure 
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These two lines fell in the fixed and fluidized bed regions. 
The literature stated that at the point of incipient fluid­
ization an irregularity exists which resembles one cycle of 
a sine curve'*25. Individual run data confirmed this find­
ing. The inflection in the curve was obscured, however, when 
the data of several runs were plotted together on the graph 
in Figure 15.
In the fixed bed region the data scatter. Accuracy 
of the data was affected by the difficulty in accurately 
reading flow rates and pressures at low values. Packing of 
the hed, agglomeration of particles, and uneven bed levels 
were other sources of error. The general trend of data is, 
however, consistent,
In the region of fluidization the pressure drop was 
found to agree with predicted values; i.e., the pressure 
drop was found equal to the weight of the bed per unit area. 
This indicates that the entire bed was supported by the gas. 
This fact suggests that mixing may be better than yisually 
observed.
Conclusions Reached Through Preliminary Work
This preliminary work proved the feasibility of fluid- 
lzing salt. Even though fluidization was not the ideal, 
smoothly boiling bed, mixing was good throughout at velocities
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twice the minimum fluidization velocity. The optimum aver­
age particle size for good fluidization was found to be in 
the range of 150 to 300 microns for irregular-shaped sodium 
chloride particles. Maximum allowable gas velocity was 
found to be approximately 10 times minimum fluidization 
velocity; velocities above this value caused considerable 
entralnment. Bed heights up to at least four diameters were 
practical and did not adversely affect fluidization. Fluidi­
zation of salt by burner gas was demonstrated to be satisfactory. 
Particle shape, particle size distribution, particle density, 
and vessel diameter were satisfactory for further work. The 
screen bed support was found to be as good a gas distribu­
tor for small diameter beds as any type tried. A sound 
basis for further work has been established.
2• Operational Problems
As in any new process utilizing a new apparatus nu­
merous problems were encountered. Operation of the unit was 
continually hampered by mechanical difficulties. Often one 
problem would be apparently solved only to appear again at 
some later date. These complications had to be disposed of 




The spray nozzles sometimes plugged externally. At 
low bed temperatures salt particles adhered to the outside 
of the nozzle. Build-up of these solids would continue 
until the flow was stopped. Preheating of the bed to initial 
temperatures near 500°F before starting the brine spray 
worked satisfactorily as a method of preventing external 
plugging.
Internal plugging of nozzles occurred. When the 
nozzle was left in the apparatus during the extended pre­
heat periods, it became quite hot and vaporization of the 
brine occurred within the nozzle when the brine flow started. 
Nozzles were occasionally found completely filled with salt 
due to this evaporation. Latex*, nozzles were kept out of 
the bed during the preheating period and inserted just before 
starting the run. This practice worked well. An alternate 
method was to first force water through the nozzles to cool 
them. When the nozzles were sufficiently cool, the water 
was shut off and the brine started.
Poor spray characteristics of available nozzles was a 
source of trouble; the main problem was drip. This drip 
caused build-up of solid salt below the nozzle and subse­
quent plugging of the support screen. Several different
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types of spray nozzles were tried but all had undesirable 
drip properties. See Figures 16 and 17 and Table II.
Different nozzle locations were tested. In early 
work the nozzle was about four inches above the bed bottom. 
Later the nozzle was relocated one inch above the bed 
bottom. It was thought that the higher temperature near 
the base of the bed would improve evaporation. Wetting of 
the bed still occurred. Heights of six inches above bed 
bottom were tested with better success. Runs of longer 
duration resulted.
Different depths and angles of nozzle protrusion 
were examined. Nozzles were inserted just into the bed, one
inch into the bed and into the center of the bed. Nozzles 
were projected into the bed horizontally and 45° above and 
below horizontal. Nozzle drip was still a problem in all 
positions. It is believed, however, that horizontal in­
jection just into the bed is best because it does not disrupt 
the flow pattern of the fluid bed.
Two Fluid Nozzles
To circumvent the drip problem a two-fluid nozzle was 
tested. The second fluid, air, x̂ as used to atomize the 
brine; small spray droplets and no drip resulted. In the
PHOTOGRAPHS OF SALT SOLIDIFICATION 
DUE TO NOZZLE DRIP
View showing solid salt formation 
in the four inch steel pipe
Figure 16
View showing rock salt formation 





SUMMARY OF SIGNIFICANT TESTS
Test No. Duration, Minutes Reason for Shutdown
1 35
> Z 35 Nozzle Plugging
3 80 External Nozzle Plugging
4 35 Spray Nozzle Drip
5 30 Leaky gaskets
6 15 Spray Nozzle Drip
7 135 Spray Nozzle Drip
8 50 Spray Nozzle Drip
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few tests made improved operation resulted, A crude nozzle 
was used and some bed wetting problems still occurred. The 
employment of finer spray nozzles such as those used in 
spray painting should give the desired results. Two-fluid 
nozzles have three characteristics which make them desirable; 
(1) there is no drip, (2) the spray is finer, and (3) the 
flow of air blows the salt particles away from the proximity 
of the nozzle outlet, thus allowing greater space for breakup 
of droplets.
Fluctuation in Air Pressure
Several runs were interrupted due to fluctuation of 
the air pressure. This variation often dropped the gas veloc­
ity below the minimum fluidization rate. Collapse of the bed 
resulted, followed by wetting from the brine and formation of 
an agglomerated mass. Increases in air rate sometimes caused 
loss of flame in the burner. These problems were caused by 
variations, greater than expected, in supply pressure. In­
stallation of a pressure regulator was the solution to the 
problem.
The loss of the fluidized state or the loss of heat is 
of special significance to this process. In most fluidizing 
processes the hot fluidized state can be regained when the
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supply of fluidizing and heating gas is restored. The conse­
quences in the present case are worse. The brine spraying into 
the evaporator rapidly wets the bed of salt in the absence of 
the hot fluidized condition. The agglomerated mass of salt 
cannot be dried by heating, and it is necessary to dissolve 
the entire bed with water and remove it from the unit. Wash­
ing of the inside of the apparatus is then necessary to clean 
out all traces of salt. In a commercial unit the cleaning 
process would be a major problem and would require shutdown of 
the unit for several days before the unit could be returned to 
operation. Therefore, it is necessary to provide adequate con­
trol to insure proper gas velocity for heating and fluidization 
at all times.
Loss of Air Supply
One run stopped abruptly when complete loss of air pres­
sure collapsed the bed which then became rapidly wetted by the 
brine. Investigation revealed compressor shutdown at the supply 
source. No other compressor failures were experienced so that
modification of the laboratory unit was not required,
«
In a commercial unit the loss of air pressure would be 
serious for the reasons previously stated. An emergency supply 
is necessary so that the hot fluidized state can be maintained 
until the brine Is shut off and the bed dried.
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Burner Difficulties
The use of low pressure natural gas was unsatisfactory. 
The pressure drop through the orifice together with the back 
pressure in the column was greater than the available supply 
pressure. Accordingly, higher pressure butane was substituted.
The operation of the transformer-sparkplug ignition 
system was erratic. Fouling of the sparkplug by contact with 
brine solution during unit upsets required removal and clean­
ing of the sparkplug. One transformer shorted internally due 
to accidental wetting during a cleaning period. A new trans­
former was substituted and located in a protected place.
The erratic operation of the transformer-sparkplug 
ignition system caused intermittent burning or sometimes no
t
burning at all. Occasional minor detonations occurred during 
periods of unsteady burning. Salt was blown into the upper 
portion of the apparatus but no physical damage resulted.
On a commercial scale, however, the explosion problem could 
be quite serious. Dependable methods for providing and main­
taining a constantly burning gas are necessary for a commercial 
unit.
Corrosion
Corrosion of the apparatus was a problem. The combina­
tion of high temperatures and salt solutions provided severe
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conditions. The steel pipe was attacked inside and out. A 
fine, 200 mesh, stainless steel screen was destroyed in less 
than an hour in several instances. A heavy chromel screen 
was not seriously damaged.
In the laboratory unit, the steel walls and screens 
often came in contact with the hot, wet salt masses for one 
to two hours, the period necessary to allow the apparatus to 
cool so that it could be dismantled and cleaned, after wet­
ting and collapse of the bed caused stoppage of a test. In 
a continuous operation the walls and other surfaces should 
stay dry thus decreasing the corrosion problem experienced 
in the laboratory.
Plugging of Transfer Lines
Plugging of the transfer lines in the upper portion 
of the apparatus was due to stickiness of the Balt, New 
salt for beds was poured through the cyclone and disengag­
ing sections into the glass column. When the pipes were
slightly damp, plugging of these lines occurred. The only
#
workable method of clearing the lines was washing with water.
In large units this cleaning problem would require 
shutdown and loss of time.. It could be avoided by maintain­
ing dry conditions. Transfer lines will have to be kept hot 
and insulated to prevent sticking of the salt and operation
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will have to be set to keep the effluent gas well above its 
dewpoint. Proper precautions in start-up will have to be 
used.
Condensation
Condensation of residual moisture was the cause of the 
plugging of transfer lines. The moisture caused stickiness 
of the salt and formation of agglomerated masses. Heating of 
the apparatus for 15 minutes after each run and purging with 
dry air for five more minutes cleared the unit of moisture.
At the start-up of the unit condensation on walls 
often caused salt in the bed to stick to the sides of the
pipe. It was found necessary to heat the apparatus for 30
|
minutes before each run to eliminate this difficulty.
Condensation on the salt bed itself was also a source 
of trouble. The bed frequently agglomerated due to conden­
sation of moisture in the flue gases. It was found necessary 
to heat the apparatus without the salt bed and then heat 
again after the salt bed was added. This process proved 
workable since the heat capacity of the bed alone was insuf­




Rates of evaporation of brine solution ranged from 27 
to 140 pounds per hour per square foot of tower cross-section­
al area as shown in Table III. Heat losses from the apparatus 
were 50 to 150% of the heat utilized in'evaporating brine.
The enthalpy of the fluidizing and heating gas was calcu­
lated from the measured temperatures and the composition of 
the gas obtained by material balance. The heat utilized in 
vaporization was calculated from measured temperatures of 
the inlet liquid brine and the exit water vapor and from a 
knowledge of the concentration of the brine. In all tests 
the brine was 2.3% sodium chloride by weight. Heat losses 
from the unit were due to conduction of heat from the fluid­
ized bed through connecting pipes and through insulation and 
due to convection and radiation of heat from the outside of 
the insulation. Better insulation in large units would
t
probably produce evaporation rates twice the maximum quoted 
above. Laboratory rates were limited by heat available in 
the burner gases; in a commercial unit the circulation rate 
of the hot salt.would probably be the limiting factor.
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1 9.7 3.0 — M » •• 417 110 9
2 2.4 3.2 -- 544 659 27 6
3 6.7 23,000 2.2 1360 399 443 76 —
4 8.1 37,000 3.8 1265 419 517 92 11
5 6.7 53,000 4.5 1508 394 463 76 10
6 12.3 37,000 3.8 1280 282 269 140 11
7 7.9 60,000 4.5 1707 396 475 89 8




The steady-state temperature attained by the fluidized 
bed of salt particles after 15 minutes operation of the 
evaporation process in the eight significant tests varied 
from 270 to 660CF, Bed temperature, as reported in this 
work, is that temperature indicated by a bare thermocouple 
near the top of the bed. The process was operable within 
the entire range. Operation was more critical at the lower 
temperatures and a slight stickiness of the bed was noted. 
Operation was more stable at higher temperatures.
As would be expected from heat balance considerations, 
all other factors being constant, the bed temperature de­
creased with an increase in evaporation rate. Correlation 
of data is shown in Figure 18. Wide temperature and flow
t
rate ranges were investigated. Average deviation of the 
data was 11%. Heat input varied as much as 50% from the 
average; no parameter of heat input was consistent with the 
data, however. The data show that higher evaporation rates ■ 
result in lower bed temperatures.
Temperature Distribution in the Fluidized Bed
It was found that over 90% of the heat transfer from 
the heating gas to the fluidized salt bed occurred in the 























are shown in Figure 19. The temperature, as measured by bare 
thermocouples in the bed, drops off rapidly at first and then 
levels off approximately one inch above bed bottom and is 
constant throughout the rest of the bed. This type tempera­
ture profile is due to the good mixing and high heat transfer 
rates in fluidized beds. No influence of spray nozzle loca­
tion on temperature distribution was observed.
Mechanism of Evaporation Process
For low temperature differences between the salt bed 
and the evaporating brine, the following mechanism for the 
evaporation of salt solutions in fluidized salt beds is 
proposed:
1, The brine droplets coat the salt particles
2, There is a rapid exchange of heat from the 
salt particles to the brine droplets; the 
salt cools while the brine is heated to its 
boiling point and concentrated,
3, The water evaporates from the solution leaving 
the dissolved salt as a coating on the particles.
4, The coated particles are re-heated by convective 
heat transfer from the hot fluidizing medium and 
the cycle is repeated.
As far as each salt particle is concerned, this mecha­
nism is unsteady state heat transfer and a temperature distri­
bution exists within each salt particle. For a process 








TEMPERATURE DISTRIBUTION IN BED
1800 f
1600 Rut. 1 
Rut. 2 








ms 4 and 7
$ Rune 3 a?d400
Run
200
- Distance from Bottom of Bed, Inches
Figure 19
63
temperature of 500°F, and brine entering at 60°F as a liquid 
and leaving as a vapor at the bed temperature of 500°F, a 
salt particle would need a minimum diameter 1.5 times the 
diameter of the brine droplet with which it becomes coated 
in order to contain sufficient heat to completely vaporize 
the droplet.
For particles with diameters less than the above 
ratio, additional heat would be required from the heating 
gas or by collision with another particle. Thus, small 
particles could unite to form larger particles.
This mechanism should cause an increase in particle 
size with time, a point which could be substantiated by ex­
perimental studies. Samples wex~e taken before and after two 
hours and fifteen minutes of fluidized vaporization; the 
comparison of these salt samples is shown in Table IV. The 
average particle size was found to have increased from 205 
to 250 microns, the weight fractions of the heavier particles 
increased, the weight fractions of the smaller particles de­
creased, and the size of’the largest particles increased.
The decrease in the proportion of the smaller particles may 
be partially due to entrainment but it does indicate that 
any formation of nex̂  crystals by evaporation of small drops 





ANALYSES OF SALT FROM TEST NO. 7
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particles showed a small change in particle shape; the par­
ticles existing after the test appeared slightly more rounded 
on the corners. The rounding of corners could have, however, 
been caused by attrition. Limited reliance is placed on this 
finding due to data on only one test for a relatively short' 
period of time.
The proposed mechanism for low temperature differences 
between the fluidized bed particles and the evaporating brine 
is analogous to nucleate boiling. In the test mentioned 
above, the temperature difference was 250°F. At higher tem­
perature differences, it is expected that the evaporationi
would be different; as in film boiling, heat would be trans­
ferred' through a gas film. The mechanism is proposed as 
follows:
€
1. The brine droplets approach salt particles.
The rate of heat transfer from the particles 
to the droplets is so rapid that the brine 
evaporates in space.
2. The water from solution evaporates and leaves 
as a vapor. The salt forms its own nuclei re­
sulting in a new particle.
3. The cooled salt particles, both original and 
newly formed, are re-heated by the fluidizing 
gas.
Should the original salt particles contain insufficient 
heat to vaporize the brine droplet, the droplets would get
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the heat from surrounding particles or by convective heat 
transfer from the fluidizing gas.
No data on the evaporation process operating at tem­
perature differences between the fluidized particles and the 
evaporating brine of over 250°F were available to support or 




Numerous tests have shown that brine solutions can be 
evaporated in fluidized salt beds. No reason has been en-
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feasible industrial technique. The use of the fluidized bed 
technique offers many advantages over conventional processes 
for evaporating dilute salt solutions. Its main advantage is 
the avoidance of the scale formation problem.
Brine evaporation rates as high as 140 pounds per hour
?
per square foot of tower were obtained in laboratory equip­
ment which was limited by heat available in the fluidizing 
gas and heat losses from the apparatus. It is possible that 
rates twice this figure could be achieved in a well insulated 
commercial unit. Based on the conservative laboratory re­
sults, a unit with 600 square feet of cross-sectional area 
»(i.e., a 25 foot diameter unit or its equivalent in several 
smaller units) is capable of heating one million gallons of 
325°F water daily for sulphur mining. This size is quite 
reasonable and additional development could reduce it further.
The evaporation process is operable with steady-state 
bed temperatures in the range of 270 to 660°F. The absolute 
minimum and maximum operable temperatues were not determined.
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Stickiness of the bed occurs at the low end of the range of 
temperature studied; operation at the higher temperatures 
appeared more stable.
The most satisfactory method found for start-up con­
sists of:
t1. Preheating of the empty unit for 30 minutes
2. Insertion of the sprafy n o z z l e  and salt bed
3, Hearting for an additional 10 minutes
4, Starting the brine to the apparatus.
The mechanism for the evaporation process as supported 
by experimental data appears to involve wetting of a salt 
particle by a brine droplet, the spreading of the brine as 
a coating on the salt particle, and evaporation of the water 
with resulting growth of the particle.
Velocities approximately twice minimum fluidizing 
velocity are required to give good mixing for the evaporation 
process* Minimum fluidization velocities range from 0,3 to 
2.0 feet per second for salt particles 200 to 500 microns 
average particle size and bed heights 4 to 11 inches. The 
maximum allowable velocity is that which causes intolerable 
entrainment. This maximum velocity is approximately 5 feet 
per second.
The best average particle size for good mixing for 
the vaporization process is in the range of 150 to 300 microns.
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Particles below 150 microns cause balling and agglomeration; 
particles above 300 microns have poor fluidization character" 
istics. Particles formed in the evaporation process may 
have slightly different characteristics.
Further development work is necessary on the evapora­
tion of brine solutions in fluidized salt beds. Spray nozzles 
giving fine spray and no drip need to be found or developed, 
Investigation of crystal growth during extended tests is 
required to substantiate the evaporation theory and determine 
the extent of particle size control, necessary for a commer- 
cial unit. An equation should be developed to predict minimum 
fluidization velocities for salt on the basis of particle 
diameter, void fraction and other variables. Spray nozzle 
location needs additional study. The purity of the water 
produced by this process should be determined. Operation of 
the unit at 80 psig should be tested to determine the feasi­
bility of producing steam for direct injection into mine 
water for sulphur mining.
It is recommended that this work be continued on the 
basis of the results of this exploratory investigation and 
the advantages offered by the process over conventional means 
of evaporating dilute salt solutions.
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A P P E N D I X
NOMENCLATURE
Relative pressure drop 
Constant










































S Surface area per volume Ft2/ft3
v Superficial velocity Ft/sec
f  Shape factor Dimensionless
II 1T•% <•» a  n 4 A* _ 1a wr-** vjLD^t/oii-v i r  f i-u ifii-
Y Mass ratio of solids to fluids Dimensionless
flowing
w Weight fraction Dimensionless
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